The numerous changes in metabolic pathways that accompany liver development entail associated changes in gene expression. Egr-1 is a zinc-finger transcription factor that regulates genes involved in cellular growth, differentiation, stress response, and apoptosis in many cell types. Egr-1 is induced in liver regeneration in rodents, but its role in normal hepatocyte function has not been characterized. We examined the developmental expression of Egr-1 in mouse liver and found that its expression increased during the suckling period. In screening the sequences of the genes involved in lactose assimilation, we found that the galactokinase gene Glk contains four potential Egr-1 binding sites in its proximal promoter. A minimal promoter of 155 nucleotides encompassing the four Egr-1 sites exhibited activity in hepatoma cell lines by transient transfection assays. Moreover, co-transfection of an Egr-1 expression plasmid increased promoter activity. Finally, mutations introduced into three of the four Egr-1 binding sites decreased activity, whereas mutation of the remaining site increased promoter activity. These data tie Egr-1 and galactokinase together in a developmentally regulated chain to prepare the neonate for suckling. Egr gene family members, along with jun and fos, belong to the class of "cellular immediate-early genes" whose expression is induced by cellular stimulation (1). Egr-1 was first identified as NGF1-A, as it was induced by nerve growth factor (2). Subsequently, it was identified by several independent labs as TIS8 (3), Egr-1 (4), Krox-24 (5), and zif268 (6). Egr-1 is induced by several growth factors (7, 8) . Its expression is rapidly and transiently increased during the transition of cells from the G0 to G1 phase by various mitogens such as growth factors, cytokines, injury, and partial hepatectomy (9). Recent studies show that Egr-1 is also an upstream mediator for the initiation of radiation-induced apoptosis directly by transregulating the expression of p53 protein and indirectly by regulating the stability of p53 via Rb (10). Egr-1 has also been implicated in glucose-stimulated insulin secretion (11), insulin action (12), and in monitoring food intake status by the CNS (13).
The numerous changes in metabolic pathways that accompany liver development entail associated changes in gene expression. Egr-1 is a zinc-finger transcription factor that regulates genes involved in cellular growth, differentiation, stress response, and apoptosis in many cell types. Egr-1 is induced in liver regeneration in rodents, but its role in normal hepatocyte function has not been characterized. We examined the developmental expression of Egr-1 in mouse liver and found that its expression increased during the suckling period. In screening the sequences of the genes involved in lactose assimilation, we found that the galactokinase gene Glk contains four potential Egr-1 binding sites in its proximal promoter. A minimal promoter of 155 nucleotides encompassing the four Egr-1 sites exhibited activity in hepatoma cell lines by transient transfection assays. Moreover, co-transfection of an Egr-1 expression plasmid increased promoter activity. Finally, mutations introduced into three of the four Egr-1 binding sites decreased activity, whereas mutation of the remaining site increased promoter activity. These data tie Egr-1 and galactokinase together in a developmentally regulated chain to prepare the neonate for suckling. Egr gene family members, along with jun and fos, belong to the class of "cellular immediate-early genes" whose expression is induced by cellular stimulation (1) . Egr-1 was first identified as NGF1-A, as it was induced by nerve growth factor (2) . Subsequently, it was identified by several independent labs as TIS8 (3), Egr-1 (4), Krox-24 (5) , and zif268 (6) . Egr-1 is induced by several growth factors (7, 8) . Its expression is rapidly and transiently increased during the transition of cells from the G0 to G1 phase by various mitogens such as growth factors, cytokines, injury, and partial hepatectomy (9) . Recent studies show that Egr-1 is also an upstream mediator for the initiation of radiation-induced apoptosis directly by transregulating the expression of p53 protein and indirectly by regulating the stability of p53 via Rb (10) . Egr-1 has also been implicated in glucose-stimulated insulin secretion (11) , insulin action (12) , and in monitoring food intake status by the CNS (13) .
The Egr-1 gene encodes a transcription factor that contains three zinc fingers of the Cys2-His2 subtype (14, 15) . The zinc fingers are located in the carboxy terminus and confer DNA binding function, whereas the transactivation domain is located in the amino terminus (15, 16) . The three zinc fingers recognize the GC-rich consensus DNA sequence "GCG(G/T)GGGCG," with each finger spanning three nucleotides. Other studies have shown that variant sequences can mimic the consensus and also bind Egr-1 (17, 18) . Egr-1 motifs have been found in the promoter regions of many genes. These genes include transcription factors, growth factors or their receptors, cell cycle regulators, hormones, and thymidine kinase (15) .
Egr-1 binding activity was rapidly induced during the early phase of liver regeneration (19) . Egr-1 has been found to up-regulate the expression of the phosphatase of regenerating liver-1 (PRL-1) gene, which may play an important role in cell growth via regulation of protein tyrosine phosphorylation and dephosphorylation. Because there was no obvious correlation between expression of Egr-1 and PRL-1 in other tissues (e.g. brain and muscle) or tumor cells (e.g. H35, HepG2, HeLa, CV1), Egr-1 regulation of PRL-1 was assumed to be specific to regenerating liver (19) . Activity of the Egr-1 promoter in liver has also been studied in transgenic mice (20) , in which reporter gene expression was observed in hepatocytes and further induced after partial pancreatectomy.
We examined Egr-1 expression during development in the mouse. In mice, Egr-1 expression increased shortly after birth but decreased 3-4 wk later. Because the liver plays a central role in metabolic functions of the body and maximal Egr-1 expression occurred during suckling, we examined genes involved in the metabolism of lactose, the principal carbohydrate of milk. Lactose is initially hydrolyzed by ␤-galactosidase to glucose and galactose, which are absorbed into the bloodstream via intestinal sugar transporters. Once galactose reaches the liver, it is phosphorylated by galactokinase (E.C. 2.7.1.6) before conversion to glucose-6-PO 4 . Examination of the galactokinase gene promoter revealed the presence of several potential Egr-1 binding sites. Analysis of the galactokinase promoter in several hepatoma cell lines indicated that the potential Egr-1 binding sites in the galactokinase gene are functional and participate in galactokinase promoter activity. Moreover, mutants in Egr-1 binding elements decrease galactokinase promoter activity. Based on our studies, we conclude that Egr-1 is one of the transcription factors contributing to the developmental expression pattern of galactokinase in the mouse.
MATERIALS AND METHODS

RNA analysis.
RNA extraction and blot analysis were performed as described previously (21) except that TRIzol LS Reagent (Invitrogen, Carlsbad, CA, U.S.A.) was used. Briefly, 20 g total RNA extracted from livers of mice killed at different ages were electrophoresed on a 1% agarose/ formaldehyde gel, transferred to a HyBond-N membrane (Amersham Biosciences, Piscataway, NJ, U.S.A.), hybridized with 32 P-labeled DNA probes in Rapid-hyb Buffer (Amersham Biosciences) for 1-2 h at 65°C, and washed. The hybridized blot was exposed to Kodak XAR5 BioMax film (Eastman Kodak, Rochester, NY, U.S.A.). Probes were labeled with [␣-32 P]dCTP (PerkinElmer Life Science, Boston, MA, U.S.A.) using the Megaprime DNA Labeling System (Amersham Biosciences). The following cDNA probes were used: mouse Egr-1, a 2.2-kb fragment from the 5' end; galactokinase, a 0.5-kb PCR fragment within the coding region of the mouse transcript; the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe used previously (21) ; and the bacterial Gpt neomycin resistance gene, a 0.93 kb PstI fragment excised from the retroviral vector pMV7neo.
Preparation of nuclear extracts and western blotting. Nuclear extracts of mouse liver were prepared according to a published procedure (22) . All steps were performed at 0 -4°C. Liver tissues were disrupted by incubation in hypotonic buffer (10 mM NaHEPES, pH 7.9, 1.5 mM MgCl 2 , 0.5 mM spermidine, 1 mM DTT, 1 mM PMSF, and 1 g/mL each of leupeptin, aprotinin, and antipain) for 10 min followed by Dounce homogenization. Tissue homogenates were filtered through cheesecloth. Released nuclei were sedimented at 800 ϫ g for 5 min, washed, and extracted in five volumes of hypertonic extraction buffer (30 mM NaHEPES, pH 7.9, 25% glycerol, 450 mM NaCl, 0.3 mM EDTA, 12 mM MgCl 2 , 6 mM DTT, plus protease inhibitors) for 45 min. Extracts were centrifuged at 40,000 ϫ g for 30 min and the supernatant was dialyzed against extraction buffer containing 150 mM NaCl at least 3 h, and stored in aliquots at Ϫ80°C. Protein concentration was determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA, U.S.A.). Nuclear extracts were electrophoresed on a 12% SDS-PAGE gel and trans-blotted to a PVDF-Plus membrane (Osmonics, Inc., Minnetonka, MN, U.S.A.). Anti-mouse Egr-1 antibody was provided by J. Milbrandt (Washington University School of Medicine, St. Louis, MO). Bound immune complexes were detected using enhanced chemiluminescence (Amersham Biosciences).
Electrophoretic mobility shift assay (EMSA). The sense sequence of the consensus Egr-1 binding site is GGATC-CAGCGGGGGCGAGCGGGGGCGA. Annealed sense and antisense oligonucleotides were end labeled with T4 polynucleotide kinase (New England BioLabs, Beverly, MA, U.S.A.) and [␥-
32 P]ATP and purified by MicroSpin G-25 column (Amersham Biosciences). Nuclear extracts (4 g) were incubated with 1 g poly(dI-dC) in 10 L binding buffer containing 10 mM HEPES, pH 7.9, 100 mM KCl, 5 mM MgCl 2 , 0.5 mM EDTA, 6 mM DTT, and 5% glycerol on ice. For super shift, 1 L of antibody was added to the reaction on ice for 20 min. For treatment with PAP (Sigma Chemical), 80 ng was added to the extract for 10 min at 37°C and 10 mM NaMoO 4 was included in the binding buffer. For competition with cold probe, 100 ng unlabeled probe was added before addition of the labeled probe, and incubated for another 20 min at room temperature. DNA-protein complexes were electrophoresed at 100 V in 0.5ϫ TGE/4% polyacrylamide gels at 4°C (1ϫ TGE is 50 mM Tris, 380 mM glycine, 1.0 mM EDTA). Gels were dried and exposed to film overnight.
Cell culture and transfection analysis. Human hepatoma cell lines HepG2, Hep3B, and Huh7 were grown in six-well clusters in Dulbecco's modified Eagle's medium (DMEM, CellGro, Mediatech, Inc., Herndon, VA, U.S.A.) supplemented with 10% fetal bovine serum, 100 units of penicillin, and 50 units of streptomycin. Medium was changed every 72 h. For transient transfection, cultures at 50% confluency were transfected with 1-2 g DNA and 4 L Lipofectin Reagent (Invitrogen), following the supplier's protocol. Luciferase activity was measured by the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, U.S.A.) using the Monolight 2010 Luminometer (BD Biosciences, Mississauga, ON, Canada). Renilla Luciferase (100 ng, Promega) was co-transfected with the experimental plasmids to normalize for transfection efficiency.
Plasmid construction and point mutations. Different fragment lengths of the galactokinase promoter were generated by PCR with gene-specific primers. Amplifications were performed in 10 L reaction containing DNA, 0.5 M primers, 0.2 mM dNTP, 1 L 10ϫ buffer, 4 mM MgCl 2 , and 0.6 U Taq Polymerase (Fisher BioTech, Pittsburgh, PA, U.S.A.) using a RapidCycler (Idaho Technology, Idaho Falls, ID, U.S.A.). Initially, GLKp-F and GLKp-R (see below) were used to amplify a 5'-flanking gene fragment from mouse genomic 823 GALACTOKINASE REGULATION BY EGR-1 DNA using the following steps: denaturation at 94°C for 15 s; 38 cycles of denaturation at 94°C for 0 s, annealing at 56°C for 0 s, and elongation at 72°C for 10 s; then extension at 72°C for 3 min. Ligation of this product between the NheI and HindIII sites of pGL3-basic firefly luciferase vector (Promega) yielded plasmid pGK(Ϫ425)Luc containing the 425 nucleotides upstream of the ATG start codon. Shorter inserts were amplified from this PCR product using 30 cycles and the same reverse primer along with the additional nested forward primers shown below:
Inserts were digested with NheI and HindIII and cloned into pGL3-basic. Thus, all promoters have the same proximal end and the numbering indicates the extent upstream.
Point mutations were introduced into pGK(Ϫ155)Luc and pGK(Ϫ83)Luc by PCR with pairs of overlapping primers covering the site(s) to be mutated and containing the desired nucleotide changes. Separate reactions were used to amplify the upstream fragment with the "antisense" mutant primer and the respective forward primer for the fragment and the downstream fragment with the "sense" mutant primer and GLKp-R. The two reactions were combined and amplified an additional 10 cycles to generate full-length fragments. These were isolated by gel electrophoresis, digested with NheI and HindIII, and ligated into pGL3-basic. The primers were:
Fidelity of the PCR amplification was confirmed by sequencing before use of the constructs in transfections.
Immunohistochemistry. Liver pieces were formalin fixed and paraffin embedded. Sections (5 m) were immunostained with Egr-1 primary antibody and horseradish peroxidaseconjugated second antibody. Slides were developed with Vector ABC and DAB substrate (Urs Berger, Beth Israel Deaconess Medical Center In situ Hybridization Core Facility, Boston, MA, U.S.A.).
Statistics. Significance was taken to be the 95% confidence level using a two-sample t test assuming unequal variances (p Ͻ 0.05).
Animals. All experiments with mice used in this study were approved by the Massachusetts General Hospital Subcommittee on Research Animal Care
RESULTS
Developmental expression of Egr-1 in mouse liver.
To obtain a detailed picture of the changes in Egr-1 expression in mouse liver, we examined its expression at several developmental stages. When immunostaining was performed on mouse liver sections, uniform nuclear staining for Egr-1 was observed at postnatal d 3 (Fig. 1) . The signal was clearly present in a majority of the hepatocytes. No Egr-1 protein was detected in liver sections from mice at postnatal d 1 (Fig. 1) or before (not shown). A strong signal for Egr-1 was found for up to 3-4 wk (Fig. 1) , but was generally less or absent in older mice (not shown). These data indicate that Egr-1 exhibits a brief period of enhanced expression in mouse liver during the suckling phase.
The developmental changes in Egr-1 mRNA levels were examined by Northern blotting analysis. The hybridization signal revealed a complex pattern. Egr-1 mRNA levels increased markedly at birth and the robust expression persisted during the suckling period. Between 3 and 4 wk of age, the level decreased to the basal level characteristic of adult mice ( Fig. 2A) . The level of Egr-1 mRNA in adult mouse liver was lower than that found at embryonic d 18, the earliest time examined in this study. The Egr-1 protein was detectable in liver nuclear extracts by Western blotting up to 3 wk of age (Fig. 2B ) and was generally not detected afterward. As expected, no protein was present in extracts from Egr-1 null mice (Fig. 2B ). These data indicate that the developmental surge in Egr-1 expression occurs at the level of mRNA. Whether the changes observed were due to alterations in transcription rate or in mRNA stability was not examined.
DNA binding was examined by electrophoretic mobility shift assay. Nuclear extracts prepared from mice at 1-2.5 wk of age formed a very strong complex with the Egr-1 probe (Fig.  2C) . The complex was much weaker at 2 or 4 d and essentially 824 absent at 4 wk or 4 mo. The ability of Egr-1 to bind DNA is dependent on phosphorylation (19) . To test whether phosphorylation was required for formation of the Egr-1 complexes, nuclear extracts were treated with PAP before addition of the DNA probe. PAP treatment completely eliminated Egr-1 complex formation in positive extracts (Fig. 2D) .
The galactokinase promoter contains potential Egr-1 binding sites. To ascertain a role of Egr-1 in mouse liver during the sucking period, we searched for potential Egr-1 binding sites in the promoter regions of genes expressed specifically during this stage. One such gene was Glk, encoding galactokinase that performs the first covalent step in galactose utilization. The genomic sequence of the promoter region was obtained from Mus musculus chromosome 11 clone RP23-42F6 (GenBank Accession # AL607108; see Fig. 3 ). Two pairs of Egr-1 recognition sequences were identified in the 150 nucleotides upstream of the ATG start codon. The distal and proximal pairs were separated by five and six nucleotides, respectively. Also indicated in Figure 3 are the potential binding sites for AP-4 and Nkx-2.5. As was reported for the human GALK1 gene (23) , no obvious TATA box was present in the 5'-flanking region. The potential TGTAA variant is indicated in bold and with a question mark.
Galactokinase mRNA expression pattern during suckling. Liver galactokinase activity is known to increase approximately 5-fold during neonatal life in the rodent (24) . To determine whether galactokinase expression was regulated at the level of mRNA abundance, we examined its developmental expression pattern by reprobing the same Northern blot used for Egr-1. Galactokinase mRNA increased during the suckling period and diminished around the time of weaning (Fig. 2A) . This result suggests that the postnatal increase in galactokinase activity is due at least in part to transcriptional regulation. The similar expression profile of galactokinase and Egr-1 supports the proposal that Glk is an Egr-1 target gene. Note, however, that the galactokinase mRNA level declined before the Egr-1 mRNA level did.
Activity of the Glk promoter. To test the ability of the galactokinase gene promoter to stimulate transcription, different fragment lengths were obtained by PCR from mouse genomic DNA. Fragments of 425 bp, 272 bp, 155 bp, and 83 bp from the 5'-flanking region of the gene were cloned upstream of the firefly luciferase reporter gene in vector pGL3-basic to yield the plasmids shown in Figure 4 . These plasmids were transiently transfected into Hep3B cells, a human hepatoma cell line that expresses Egr-1 (25) . Cell extracts were 
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GALACTOKINASE REGULATION BY EGR-1 assayed for relative luciferase activity 48 -72 h after transfection. pGK(Ϫ425)Luc directed transcription with activity 4-fold higher compared with the promoterless pGL3 (Fig. 4) . Maximal transcriptional activity was observed with pGK(Ϫ155)Luc, the shortest fragment that encompassed both pairs of potential Egr-1 binding sites. This construct had more than twice the activity of pGK(Ϫ83)Luc. The activity of pGK(Ϫ272)Luc was not significantly different from pGK(Ϫ425)Luc (Fig. 4) . The pGK(Ϫ83)Luc construct, which contains only one pair of putative Egr-1 binding sites, had transcriptional activity comparable to that found for pGK(Ϫ425)Luc and pGK(Ϫ272)Luc. From these data, we surmised that Egr-1 plays an active role in regulating galactokinase gene transcription. In addition, an inhibitory site appears to be present at or near the Nkx-2.5 element.
To provide further evidence for a role for Egr-1 in galactokinase gene transcription, we tested the effect of overexpressing Egr-1 in hepatoma cell lines Hep3B, HuH7, and HepG2. Preconfluent cells were transfected with pGK(Ϫ425)Luc and with or without the expression construct pCMV-Egr-1. Compared with single transfection, cotransfection of Hep3B yielded 41 Ϯ 45% (n ϭ 3) more relative luciferase activity (Fig. 5) . In the other cell lines, luciferase activity increased 26 Ϯ 31% (n ϭ 3) in HepG2 and 39 Ϯ 18% (n ϭ 3) in HuH7 with Egr-1 expression vector compared with without (Fig. 5) . In eight of the nine transient transfection experiments performed, Egr-1 cotransfection led to increased luciferase reporter activity, which was statistically significant in three experiments with HuH7 (p ϭ 0.026 by one-tailed t test). These data suggest that Egr-1 expression can activate the galactokinase promoter in cell culture. However, because HepG2 and HuH7 also express the Egr-1 protein (26), the dependence on co-transfected Egr-1 was not absolute in any of the cell lines.
Mutational analysis of the Glk promoter.
To assess the role of the Egr-1 binding sites, we introduced mutations into either or both sites in each pair (indicated by bold face type in Table  1 ). The distal pair sites were mutated in pGK(Ϫ155)Luc and the proximal pair sites were mutated in pGK(Ϫ83)Luc. Schematics of these constructs are shown in Figure 6 . These plasmids were transiently transfected into Hep3B cells and cell extracts were prepared 48 -72 h later to assay relative luciferase activity. pGK(Ϫ155)mA reduced the luciferase activity approximately 40%, pGK(Ϫ155)mB approximately 55%, and the Egr-1 expression plasmid CMV-Egr-1. Background activity was assessed using the pGL3-basic plasmid (pGL3-B, open bars) . Firefly luciferase activities were normalized to co-transfected Renilla luciferase using the pRL-TK plasmid. 826 the double mutant approximately 70% compared with wildtype pGK(Ϫ155)Luc (Fig. 6A) . Remarkably, mutation of the first Egr-1 motif in pGK(Ϫ83)mA, the shorter promoter, led to an increase of promoter activity about 5-fold over that of the wild type (Fig. 6B) . However, mutation of the second Egr-1 motif in the pGK(Ϫ83)mA yielded only 46% of the luciferase activity found in the wild-type pGK(Ϫ83)Luc (Fig. 6B) . The double mutant was 80% more active than the wild type and approximately 4-fold more active than the pGK(Ϫ83)mB single mutant (Fig. 6B) , suggesting that each of these two motifs acts independently in controlling promoter activity. It is interesting to note that in side-by-side assays, the pGK(Ϫ83)Luc construct was consistently twice as active as the pGK(Ϫ155)mAB construct (2.1 Ϯ 0.22, p ϭ 0.013; n ϭ 3). This result suggests that an undefined repressor element may be present between Ϫ155 and Ϫ83 in the Glk promoter. Analysis of the mutant DNA sequences using the Mapplot program (Accelrys, San Diego, CA, U.S.A.) did not reveal any newly created transcription factor binding sites.
Galactokinase expression in Egr-1 null mice. To test whether Egr-1 expression is essential for GalK induction during suckling, we prepared Northern blots with RNA extracted from livers of Egr-1 null mice. As can be seen in Figure 7, upper panel, the abundance of GalK mRNA in Egr-1 null mice was comparable to that found in wild-type littermates at the three suckling ages examined. Thus, GalK expression does not exhibit an absolute dependence on Egr-1 in vivo. RT-PCR was performed to test whether the loss of Egr-1 expression led to a compensatory increase in the expression of another Egr family member. Egr-2 was detected in one time point of each genotype. However, because the signals occurred at different times, it is unlikely due to compensatory expression. Egr-3 was detected in all the samples, but its expression was weak and similar between the Egr-1 ϩ/ϩ and liver Egr-1 Ϫ/Ϫ samples (data not shown). Egr-4 was not detected in any liver sample, but was readily detectable in brain cortex. Whether posttranscriptional changes occurred in Egr-3 activity was not tested.
When the blot was stripped and re-probed to confirm the absence of Egr-1 mRNA in null mice (Fig. 7, lower panel) , a new, very strong Egr-1 hybridizing transcript appeared ( Fig. 7 ; Gpt/Egr-1). Because this transcript also hybridized to a Gpt cDNA probe (not shown), it is likely that this mRNA was transcribed from the disrupted Egr-1 allele in which the bacterial neomycin resistance gene replaced Exon 2 (27) . Whether this transcript arose from the endogenous Egr-1 promoter or from the promoter fused to the Gpt neomycin resistance gene was not tested.
DISCUSSION
Egr-1 has been most thoroughly studied in neural, endothelial, and hematopoietic tissues (28 -30) . In many cases, attention has been focused on its involvement in acute responses, particularly to stress. However, the high expression of Egr-1 in the adult brain (31) as well as its basal expression in several other tissues (32, 33) indicates that Egr-1 also functions in nonacute processes. Our finding that Egr-1 is developmentally regulated in liver provides evidence for its involvement in the transition of hepatocytes from fetal to adult character during the neonatal period.
While seeking candidate target genes for Egr-1, we found putative Egr-1 enhancer elements in the GALK gene promoter. GALK is the first enzyme in the Leloir pathway in the conversion of galactose to glucose (34) . GALK deficiency (MIM230200) has been associated with cataracts (e.g. see ref. 35 ) and dysregulation of GALK in type 1 neurofibromatosis has been associated with abnormalities of germ cell and neural crest development (36) . Studies have demonstrated age-related changes in GALK expression with both human children (37) and neonatal rats (24) exhibiting higher activities than adults. Our studies show that, at least in mice, this regulation occurs at the level of mRNA abundance.
Our results tie Egr-1 and GALK together in a developmentally regulated chain controlling the change in metabolic pathways. To summarize, we found that i) Egr-1 exhibits a surge in expression during the suckling period in mice; ii) GALK exhibits a concomitant surge at the mRNA level; iii) the Glk promoter contains response elements that recognize and respond to Egr-1 in transient transfection assays; and, finally, iv) mutating three of the four sites reduced Egr-1 responsiveness, whereas the fourth appeared to exert negative influence over the Glk promoter.
A modest amount of information is available regarding the function of Egr-1 in supporting the expression of genes encoding enzymes of intermediary metabolism. One case is the involvement of Egr-1 in the insulin responsiveness of the gene for cytosolic malic enzyme (12) . Treatment of hepatoma cells with insulin greatly increased binding of Egr-1, identified by antibody super-shifting, to an Egr-1 motif overlapping one of the insulin response sequences. However, although mutating the Egr-1 site prevented the element from competing for binding, the activity of the mutated site was not examined by transfection analysis. Subsequently, it was shown that Egr-1 repressed malic enzyme expression by displacing SP1 from overlapping sites in the gene promoter (38) . Egr-1 expression itself is affected by nutritional status. Systemic ghrelin administration increases the number of Egr-1 positive cells in the arcuate nucleus, particularly in fasted rats, indicating that Egr-1 may play a role in mediating responses to food intake (13) . At the cellular level, certain cell types induce Egr-1 when exposed to high glucose concentrations. In mesangial cells, this induction has been shown to be brought about by an autocrine transforming growth factor-␤ loop (39) . Also of interest is the induction of Egr-1 by pancreatic ␤ cells in response to high glucose (11, 40) . The former authors traced the induction to the activation of serum response factor by glucose-induced depolarization. Glucose-induced Egr-1 expression does not appear to be a general phenomenon because it did not occur in either fibroblasts or hepatocytes (39) .
The co-regulation of galactokinase with Egr-1 along with the presence of Egr-1 sites in the mouse gene promoter led us to analyze the dependence of galactokinase gene expression on Egr-1 further. All four of the Egr-1 motifs found were present in the 115 nucleotides upstream of the ATG translation start codon. However, the Egr-1 binding sites did not contribute equally to Glk promoter activity in transient transfection analyses performed in cell cultures. The distal pair and the second proximal site appeared to act as enhancer elements, whereas the first proximal site appeared to act as a repressor element. As noted above, repression by Egr-1 via competition for SP-1 binding has been documented in several studies (41, 42) . However, canonical SP1 sites overlap both of the distal Egr-1 motifs, both of which contributed positively to Glk promoter activity, but neither of the proximal sites. Finally, we noted that galactokinase mRNA levels declined postnatally earlier than those for Egr-1. Whether the galactokinase down-regulation occurred through the apparent Egr-1 repressor element or by a different mechanism is not known at this time.
Comparison of the human and mouse Glk promoters revealed similarities: both are GC-rich-the proximal 200 base pairs of the human Glk 5' flank is 69% GϩC whereas that in mouse is 70% GϩC-and neither has a canonical TATAA sequence or CAAT box. However, none of the Egr-1 motifs identified in mouse sequence are present in the human Glk promoter. Whether the human promoter is still Egr-1-responsive via noncanonical Egr-1 sites or the role of Egr-1 is taken over by a different transcription factor will have to await further studies.
Despite our evidence that galactokinase expression is dependent on Egr-1 in transient transfection experiments, Glk gene expression exhibited a normal postnatal surge in Egr-1 null mice. Because all Egr family members bind to same enhancer elements (28) , it is possible that a redundant pathway is present or a compensatory induction of other family members occurs in the Egr-1 null mice. Egr-1 null mice, with the exception of female infertility, exhibit normal growth and development (43) . These authors noted that many processes normally associated with Egr-1 in cell cultures do not show the same dependence in vivo. Resolution of this question will require further studies.
In summary, we have provided evidence for a dependence of galactokinase expression on Egr-1 in the mouse. Additional studies will be required to detail its developmental expression pattern in human liver as well as to assess the regulation of galactokinase in humans. Also, it will be of interest to ascertain the specific factors that lead to the postnatal surge of Egr-1 expression in the liver and to identify other hepatic targets and metabolic pathways regulated by this gene.
